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FOREWORD

This report is organized for insert in “Photogrammetry in Shipbuilding” July 1976;
publication number PB-262-130/AS, National Technical Information Service, Springfield,
VA 22161. It results from one of the many projects managed and cost shared by Todd Pacific
Shipyards Corporation as part of the National Shipbuilding Research Program. The Pro-
gram is a cooperative effort by the Maritime Administration’s Office of Advanced Ship
Development and the U.S. shipbuilding industry. The objective, described by the Ship
Production Committee of the Society of Naval Architects and Marine Engineers, em-
phasizes productivity.

The research was assigned to:
john f. kenefick Photogrammetric Consultant, Inc.
Indialantic, Florida
L. D. Chirillo, Todd Pacific Shipyards Corporation, Seattle Division was the Program
Manager.

Appreciation is expressed for the assistance received from R. C. Confer, J. F. Curtis,
P. M. Dowries. K. A. Lyons and D. M. Prowse of Todd Pacific Shipyards Corporation,
Seattle Division.
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EXECUTIVE SUMMARY

Within the last three years photogrammetry has been employed in real production
situations by six shipbuilders in the United States. Five of them have applied the process
repeatedly for:

« surveys to predict the fit of 126,000 DWT tankships built in halves,

= measuring city-block size subassemblies for the world's largest offshore platform,

« determining the circularity of Trident class submarine hulls,

« verifying that Conch type and spherical LNG tanks are within dimensional tolerances
and producing LNG tank sounding tables of unprecedented accuracy.

Some ship and airplane builders in the United States are already considering in-house
capabilities. They appreciate photogrammetric measurement because it imposes the least
interference with ongoing production and the photographs used are ix-refinable permanent
records.

This report describes a procedure for obtaining accurate dimensions of a complex

casting. It should be of particular interest to quality assurance people and those responsible
for fitting a casting to adjoining structure.

Page 11 is especially noteworthy because it describes potential productivity gains in the
entire process associated with complex castings including design, inspection and installation.
It also identifies benefits that could be obtained, without the application of photogrammetry,
if shipbuilders impose certain nominal dimensioning requirements on designers and if certain
marking instructions are included in purchase specifications for castings.
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FIGURE 2-23: Model of Strut. This 16%-inch high model was used by the
photogrammetrist to plan a photographic scheme. The scale
is 1" = 1.
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Survey of a Strut Casting j=4[?q23 I

A 24-ton strut casting'was made available by Todd Pacific Shipyards

Corporation for the purpose of demonstrating a photogrammetric procedure
for producing a precise survey of its complicated three ’'dimensional form.
Although more common single-screw sternframe castings are different from
strut castings the photogrammetric techniques described herein still apply.
Also, casting size is virtually immaterial to the photogrammetric process.
However, size would impact on the services needed for handling a casting
and positioning camera stations.

2.6.1

2.6.2

Preparation

To permit the photogrammetrist to conveniently study the geometry
of the casting the shipyard provided the simple model pictured in
Figure 2-23,| the designer's drawings, and a sketch from the shipyards’

guality assurance (QA) inspector showing the measurements desired.
These three sources of information were the bases for a plan to
photograph the strut. This plan also allowed the shipyard to conven-
iently prepare for:

. services to support the casting in an upright position to facil-
itate relatively unobstructed photographic views,

. loan of an angle iron on which to mark accurate scale references,
« placement of targets,
o a forklift-raised platform for elevated camera stations, and

. use of a darkroom, or a space that could be adapted, for
developing exposed plates.

Photogrammetric Procedures

The photogrammetrist arrived at the shipyard late on an afternoon.
Approximately two hours were spent inspecting the casting (not yet
set upright), preparing the darkroom, and in general discussions
with shipyard personnel. The QA inspector started placing targets
on the casting at points of principal need, i.e., for confirming
the strut palm positions relative to the barrel and to verify the
arm twist angles. In order to facilitate comparison of photogram-
metrically obtained measurenents with the design, the QAinspector
sel ected points corresponding to the intersection of strut palm
edges with franme lines and strut arm leading and trailing edges with
station |ines asshown on the designer's drawings.

On the following morning the casting was set upright in a area
where photographs could be taken from several different angles.
Placement of targets’, provided by the photogrammetrist, was completed
according to the plan illustrated in |F|gures 2-24.|

In instances where a target extended beyond an edge of the
casting, a putty-like substance was placed behind the unattached
portion of the target for added support;|see Figure 2-25.|

"Actually a conposite of times seperate castings welded together.

2Atarget consisted of a 0.15-inch flat-white bull’s-eye upon a (noninal) 1%inch
square flat-black background. They were offset printed on mailing |abel stock
which features a “crack-n-peel” backing and a permanent adhesive. The manu-
facturer of the stock is Fasson of Painesville, Chio.
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FI GURE 2- 24a: Target Locations. Mst were designated by the shipyard's QA
i nspector. 9000 series nunbers designate “tie in” targets
needed in the photogrametric solution for accurately deter-
mning the locations of camera stations relative to each other.
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FIGUIRE 2-24b:  Target Locations. The distances, measured with a special
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the scale references. (ther 9000 series nunbers designate
“tie in targets".



Fl GURE 2-25: Material to Maintain Flatness. The target shown is on the
inside circunference of the barrel. A “putty” successfully
used for this purpose was Johns-Manville "Duxseal” often
used by shipbuilders to seal against water, air and dust in
pl umbi ng, electrical and HVAC systens.
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FI QURE 2- 26: Canera Locations. Lack of conplete symetry is due to forward

“lean” of the strut arms. It was necessary to know only the

approxi mate locations of the camera stations. Precise deter-

mnations were a by-product of the data processing.
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2.6.3

2.6.4

To provide a reference for establishing a correct scale in the
photogrammetric solution, two targets were attached about 18 feet
apart on each leg of a 2° x 2" angle iron. The exact distance
between each pair'on a leg was neasured with a steel survey taﬁe
stretched under ten-pounds tension. To facilitate accuracy eac
|l eg surface of the angle iron was kept horizontal during measure-
ment so that the tape woul d be supported throughout its |ength.
For each pair of targets five measurenments were recorded to the
nearest 0.001 foot. Averages, corrected for tenperature, were
used as the scale references. Afterward, the angle iron was
pl aced, bosom down, beneath the strut barrel and weighted so that
It would remain stationary. |Figure 2-24b|illustrates the Iocation
of the angle iron

Phot ographs of the casting were taken over a period of 2% hours
fromthe locations shown in[Figure 2-26.] This period included a
| unch break, during which several exposed plates were devel oped.
Two were found unsatisfactory because of a very [ow sun angle and
were retaken later in the reported time period when the sun was
higher in the sky. By 14:00 hours all plates had been devel oped
and inspected. At this time the shipyard was notified that access
to the casting was no |onger required

Al'l exposures were taken with the Wld P31 canera illustrated in
[Appendi x B, Figure B-2.*¥ |G ass plates coated with a panchromatic
emul sion served as the recording mediumto assure nmaxinmum geonetric
stability of the recorded imagery. Photographs fromthe ground and
from overhead were taken with the canera nmounted on a tripod. A
forklift was used to elevate the camera, tripod and operator for the
exposures from overhead; see[Figure 2-27.][Figure 2-28]is a print
made fromone of the original glass plate negafives.

Laboratory Measurenents

At the photogrammetrist’s facility each of the eight plates was
examned wth an ordinary magnifying glass. As each inmage of a
target was |ocated it was circled with ink on the enulsion-free
side of the plate and al so nunbered according to a previously devised
schene which gave each target a unique nunber; see[Figure 2-24.] Each
plate was then nmeasured’on a Kern MK2 conparator |ike the one shown
in|{ Appendix B, Figure B-6*.|

Dat a Processi ng

Al'l measurenments nmade on the plates were processed through a
series of conputer programs which triangulate the three dinensiona
| ocations of the targets by obtaining the overall “least squares”
best-fit of all optical rays intersecting all of the targets’. Thi s
calculation was performed in an arbitrary three dimensional coordinate

'‘Bet ween targets nunbered 9901 and 9902 and between 9903 and 9904 in Figure 2-24b.

*These references are in “Photogrammetry in Shipbuilding" July 1976 available from
the National Technical Information Service, Springfield, VA 22161; publication
number  PB-262- 130/ AS.

‘Measurenent of the plates was subcontracted to Analytic Photo Control, Inc. of
I ndi an Harbour Beach, Florida.

This process is best described in “Predicting the Fit of Ships Built in Halves”
by J.F. Kenefick and D. Douglas Peel, presented to the International Society of
Phot ogranmmetry Synposi um ‘ Photogramretry for Industry”, Stockholm Sweden, August
1978.



Canera and operator (upper left)

are about 21 feet above the ground.

Pl atform and Forklift.

FIGURE 2-27:
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FI GURE 2-28: A Typical Photograph. Fromone of the original glass plate
negatives exposed at a ground station.



TABLE 2-8

As-built Coordinates of Targetted Points. See|paragraph 2.6.4|for description
of the coordinate system and [Figures 2-24]for locations of targets on the
casting.All are in feet.

PUOINT X T z POINT X Y Z

PORT OUTBD PALM STED OUTBD FALM

igal 13.4357 =7. 433 §8.833 48481 13.58% r.468 §.566
1gaz 13.7835 -7. 435 6.546 4aa2 13.747 7443 &8.873
18a3 13.88@ -7.43@a 3.157 48483 13.812 7432 3.1%8
1824 13.935 ~7.413 4.372 Joa4 13.98¢8 F.427 4.588
18a3 14.284 -7.378 2.399 4845 14.224 r.418 2.587
laas 18.854 ~7. 747 &.374 4848 i11.828 7.686 8.342
1887 11.3288 -7.7389 §.481 4987 11.387 7.786 5.333
1aag 11.843 =7. 737 5.821 48838 11.647 T.T38 4.9338
1ga9 11.77 -7.67@ 4.433 48083 11.7382 7.894 4.428
lgia i2.283 -7.913 2.437 4a1a 12.2813 7.S44 2.435
a1l 18.683 -7. 733 8.314 4811 18.718 7.678 8.2381
1a12 11.878 =F.737F &.3496 4012 11.092 7. 743 5.337
1813 11.341 -7.733 4.868 4013 11. 370 F.rad 4.848
inid 11.472 ~7.887 4. 365 4014 11. 482 7.584 4.333
1815 11. 892 -7.22&7 2.488 4015 11. 907 F.928 2.359

PORT | NBD PALM STBD INBD PALM

2881 13. 468 -7.324 8.333 3aal 13.514 7.288 8.567
2aa2 12.713 =7.277 5.533 Fag2 13.758 ¥.ar74 &.578
2803 13.884 -7.238 J.1686 3883 13.913 7.236 §5.157
2aa4 13,954 -7.242 4.57 384 13.888 F.258 4.3584
2883 14.21¢ =7.281 2.387 Jead 14.232 F.237 2.682
28as 1a. 258 ~5.589 3.258 Jggs 1a8.941 &. 437 8.234
2aav 11.234 ~5.433 5.3267 Iaav 11.281 5.38¢ 6.258
2088 11.583 -5.312 4.383 3838 11.338 6.288 4.800
28038 11.638 -5.2789 3.278 3082 11.667 8.27F 4.288
2a1a 2.852 ~-5. 354 2.323 3a1a 2.876 5.38% 2.335

FORT ARM LEADING EDGE STBD ARM LEADI NG EDGE

Saad 3.836 -5.383 J.378 3841 3.634 3.497 5.882
S80S 5. 838 -3.852 J.6681 S6a2 &.a878 3.883 5.683
J088 J.322 =2.422 5.353 S863 I.532 2.4088 5.378

PORT ARM TRAILING EDGE STBD ARM TRAILING EDGE

5084 2.138 -3.227 2.783 5081 9.1381 5.193 2.81
5895 &8.621 -3.685 2,476 ea82 5.618 3.643 2.491
Yl 4.a7a ~-2.187 2.16F 6983 4.888 2.888 217
FWD END BARREL AFT END BARREL
887 2.244 -8.815% 7.aa1 S087 2.428 -8.4a17 a.808
Saag 1.643 -1.517 v.aaa Fag3 1.731 ~-1.678 ~-a.aaa
a4z B.157 =2.3234 7. aaa 5893 g.274 -2.73% -g.48a1
sala -1.838 -1.338 7.aaa 5814 -1 5338 -1.883 -4.aal
S811 ~2.235 -8.812 5.898 5811 -2, 442 a./a34 -3.8a3
12 -1.583 1.835 7.8al sa12 ~-1.373 2.4a18 -a. a8
813 a.144 2.233 F.aal 5813 a.248 2.3% 8.a4a]1
Sa1d4 1.818 1.514 F.a83 s34 1.3582 1.538 @.aa2
6135 1.811 -4, 832 F.089 60813 1.813 2858 a.aag
4818 1.294 -1.367 F.aal 5818 1,835 -1.2873 a.aal
2317 8, 123 -1.3a8 7.aad sa17 g.212 ~1.883 a.a0a
Ja1a -1.252 -1.314 5,392 5413 -1.112 =1.434 =, 801
813 =-1.514 a.8a63 ©.aaa 5813 -1.813 -3.953 -a.801
28268 -1.13% 1.3% 7. a8 5028 -3.3438 1.548 -0.888
38z a.124q 1.3a2 F.9a1 s821 a.22q 1,382 -g.ana
fa22 1.317 1.243 F.891 ea22 1.382 1.1e7 g.aa1
PO NT X Y z POINT N ¥ z



2.6.5

system at a scale of approximately 1:1 relative to the actual
casting. Resultant coordinates for targets on the angle iron
were then used to calculate the distances between the two
target pairs. Each calculated distance was divided into the
corresponding known value (as determined by measurement with
the steel tape) to find its scale factor. The average of the
two scale factors was then applied to all of the photogram-
metrically derived target coordinates to bring them to an
exact 1:1 scale relative to the casting.

The next step was to translate and rotate the arbitrary
photogrammetric coordinate system into a coordinate system that
best served the shipyard's QA inspector. This new coordinate
system was defined as follows:

a. The origin was to lie at the center of the inside circum-
ference at the after end of the barrel. Since a target
could not be physically placed at this location there were
no coordinates for it upon conclusion of the photogrammetric
triangulation. It was necessary to “create” the point by
calculating the center of the circle which best fit the eight
targets on the inside circumference at the after end of the
barrel.

h. The Z-axis of the coordinate system was the line defined by
the calculated center of the inside circumference of the
after end of the barrel and a point similarly obtained by
calculating the center of the circle which best-fit the
eight targets on the inside circumference at the forward
end of the barrel’.

¢c. Per an option elected by the shipyard’'s QA inspector the
two targets®at the top inside faces of the palns and on
the designer’s transverse datum plane for the strut arns
were to have equal but opposite offsets. These are re-
ported as “Y" values. Thus, the values reported for “X
are elevations.

These transformed coordinates were -1jsted and provided
to the shipyard in the formshown in|Table 2-8. | They coul d have
been conpared to the design by conputer T corresponding design

di mensions were in a single coordinate system

Evaluation of Results

The X, Y and Z coordinates derived fromthe photogranmetric
triangul ation were accurate within an estimated tol erance of
t1/327inch.  Although this was much better than that required by
the shipyard, it was a natural result of the nultiplicity of rays
intersecting each target. This high order of accuracy resulted
fromthe need for eight camera stations to assure conplete photo-
graph coverage of the casting’'s conplicated shape

'The best-fit circle computations alsoprovided a check on the rough bore's
circularity. As requested by the construction superintendent, targets were also
placed to define the outside circunferences of the barrel. They facilitated
verification of the concentricity of the bore relative to the barrel and the
perpendicularity of the machining allowances on both barrel ends.

‘Targets numbered 2003 and 3003 in Figure 2-24a.
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TABLE 2-9: Tinme and Cost Analysis; circa July 1978

PHOTOGRAMVETRI ST' S LABOR

Man- Hour s Burdened Rate' cost

a. Project planning and 26 $22. 25 $578
coordination (1 man)

b. Prepare equi pnent®and round 25 22.25 556
trip travel (1 man)

c. Setup, photography, 13 22.25 289
processing and packing (1 man)

d. Prepare diagrams and plates 9 22.25 200
for neasuring (1 man)

e. Measure plates (subcontracted) — — 202

f. Data preparation 29 22.25 645
and processing (1 man)

g. Reporting (1 man) 12 22.25 267

h. Mscellaneous (1 man) 5 22.25 111

Total Labor . . ... ..............$,88

PHOTOGRAMETRI ST' S _EXPENSES

a. Targets $25
b. Transportation and per dienf 694
c. Photographic materials 205
d.  Conputer 312
e. Mscel | aneous 185
Total Expenses . . .. ............ $1 421
$4, 269
Pofit @20%. . . ... .. ... 854
TOAL. $5, 123
SHI PBUI LDER' S LABOR
Esti mat ed
Man- Hour s
a. Model buil der 16
h. Car penters 3
c. Riggers 4
d. Crane operator 2
rklift operator 5
2, azamon and »a? e £. man (layout reference lines and targetting) _it_
2. :""“-',‘ vl ol TOTAL . . .. 34 man-hours
Resomrey hoiiiis
SHTIPYUILDER'S EXPENSES
cost
a. Mdel materials $5
b.  Tinber 20
TOAL . ... . $25

1Rates vary anong firns.
2For a Florida-based photogrammetric firmworking in Seattle, Washington.

10



2.6.6

2.6.7

Time and Cost Analysis

Table 2-9 |item zes the photogrammetrist’s efforts as if a
shipyard were to contract for a conplete service. The shipyard's
| abor and material expenditures are nominal and are al so given
therein.

Suggestions Relative to Implementation

Because increasingly fewer foundries are fabricating |arge
castings, shipbuilders are oftentines considerably removed from
the manufacturing facility. In fact, it is not uncommon for |arge
castings to be fabricated in a foreign country. In such instances
it may be practical for suitable photographs of a casting to be
taken at the foundry and forwarded to the shipyard or its photo-
grammetric consultant for evaluation’.

From descriptions given in [paragraphs 2.6.1|and|2.6.2|it IS
seen that the field work for taking photographs of @ casting is
not conplicated. Wth specific instructions and a special camera
it is feasible for a non-photogrametrist to secure the required
phot ographs.  Once they are photogramretrically processed the
shipyard’s QA inspector would have an irrefutable’report of the
di mensi ons achieved by the foundry. Also, if only a few large
conpl ex castings are required the foundry may also benefit because
phot ogrammetri ¢ measurement can elimnate the need for constructing
an el aborate nmeasuring jig.

Anot her shipbuil ding consideration derives fromthe inherent
accuracy of photogrammetry and the relatively large tolerances
necessarily allowed for |arge castings. Photogramretrically obtained
of fsets, such as fromthe 93 ton, 24-foot high sternframe in a Polar
class icebreaker, could be substituted for the nolded design. This
woul d permit the adjoining heavy shell plating’to be devel oped, cut
and shaped to better fit a particular casting.

Al though not a photogrametric consideration, note was nmade during
the denonstration described herein that the design featured a series
of interdependent references from which neasurenents were expressed
in fractions, decimls and degrees. Thus, the pattern maker, the
QA inspectors in the foundry and shipyard, and the production people
who installed the strut, all had to cal culate additional dinensions
between points on the strut surfaces in order to fulfill individua
needs. |f designers, having the best opportunity, identify certain
points on the surface’of a casting’ in accordance with a single
coordinate systemoriented to the casting itself, it would enhance
productivity of the overall process from design through installation

'At least two U.S. shipbuilders and two airplane manufacturers, aS of January 1979,
are considering “in-house” photogrammetric capabilities.

The process is analytical. |f another photogrametrist applied the same methods
to the same photographs, the sane dinensions and tolerances woul d be achieved.
*Modi fied ASTM 537 steel plate |-3/4" thick.

‘For exanple points such as those in Figure 2-24a designated by targets 1001, 1006,

1011, 2001 and 2006. They define the projection of a frame station. If repre-
sented on the pattern they could have appeared on the casting to facilitate both
inspection and installation.

‘Any casting, e.g. sternframe, hawsepipe, etc.

11
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